We studied the incorporation of [l-3C]ribose and [1, into the riboflavin precursor 6,7-dimethyl-8-ribityllumazine, using a riboflavin-deficient mutant of Bacillus subtilis. The formation of the pyrazine ring requires the addition of a four-carbon moiety to a pyrimidine precursor. The results show that
The first committed step in the biosynthesis of riboflavin (7; Fig. 1 ) is the conversion of GTP (1) to 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5'-phosphate (2), which is catalyzed by the enzyme GTP cyclohydrolase II. This enzyme was first detected and characterized in Escherichia coli (for review, see references 4 and 9). It was also found in the flavinogenic yeast Candida guilliermondii (17, 22, 23) and in Bacillus subtilis (7) . The subsequent biosynthetic steps are different in bacteria and fungi, although they ultimately lead to the same intermediate, 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5'-phosphate (5) . In yeasts, the ribosyl side chain of 2 is reduced, and the product 4 is subsequently deaminated to yield 5. On the other hand, in E. coli the deamination of the pyrimidine ring yields 3, which is subsequently converted to 5 by reduction of the side chain (4, 9) .
The formation of 6,7-dimethyl-8-ribityllumazine (6) from 5 has been the subject of numerous studies in which a variety of organisms have been used. The reaction requires the addition of four carbon atoms whose origin remained elusive despite work performed by several research groups over a period of three decades. Acetoin (4, 13, 15) , diacetyl (18) , a tetrose (1), and hexoses (12) have been proposed as precursors on the basis of studies with fungi. On the other hand, studies with bacteria have led to the suggestions of diacetyl (10), tetroses (2), pentoses (3), and the ribityl side chain of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (8, 9) as the ultimate four-carbon precursor. Work with Bacillus subtilis further suggested the formation of 6-methyl-7-dihydroxyethyl-8-ribityllumazine as an intermediate between the pyrimidine 5 and the lumazine 6 (8) .
Considerable progress on the origin of the four-carbon moiety in fungi was recently made in studies with the flavinogenic ascomycete Ashbya gossypii. It was shown in in vivo studies with a variety of 'IC-labeled precursors that C-6a, C-6, C-7, and C-7a of 6 are biosynthetically equivalent to C-1, C-2, C-3, and C-5 of the pentose phosphate pool (4, 14) . C-4 of pentose phosphates has no equivalent in the lumazine; more specifically, it could be shown that this carbon atom is eliminated by an intramolecular skeletal rearrangement (11) . It was also shown that cell extracts of the flavinogenic yeast, C. guilliermondii, can catalyze the * Corresponding author. formation of 6 from 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (5) (16, 19) . Several pentose and pentulose phosphates could serve as the second substrate in this reaction. C-4 of the carbohydrate precursor is lost, in agreement with previous in vivo findings (4, 11) .
Dismutation of two molecules of the lumazine 6 yielding riboflavin (7) and 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione constitutes the final step in the biosynthesis of riboflavin. This reaction has been demonstrated in numerous bacteria and fungi as well as in plants (for review, see references 9 and 21).
In view of the reported difference between bacteria and fungi in the early biosynthetic steps and the conflicting reports on the nature of the four-carbon precursor, we decided to examine the origin of the four-carbon unit in bacteria by an in vivo incorporation study with 13C-labeled precursors. For this purpose, we used a mutant of B. subtilis producing high amounts of 6. The results show that the biosynthesis of 6 from 5 in bacteria proceeded by a rearrangement process similar to that in fungi.
MATERIALS AND METHODS
Materials. [1-13C] Bacterial strain. Bacillus subtilis mutant CR5 (rib trp) has been described earlier (5) .
Growth medium. Medium A contained, per liter: K2HPO4, 14 .0 g; KH2PO4, 6.0 g; sodium citrate-water, 1.0 g; (NH4)2SO4, 2.0 g; MgSO4-7 H20, 0.2 g; tryptophan, 0.1 g; and riboflavin, 70 ,ug. Glucose was added as indicated.
Fermentation. Cells from an agar slant which had been incubated at 37°C for 12 h were inoculated into 100-ml Erlenmeyer flasks with 20 ml of medium A containing 10 Fluorescent material was eluted with a mixture of acetoneacetic acid-water (50:2:50, vol/vol). The eluate was evaporated to dryness under reduced pressure. The residue was dissolved in 20 ml of water and placed on a column of Dowex 50 WX8 (H' form, 2.3 by 40 cm). The column was developed with deionized water (flow rate, 1 m/min), and the absorbance at 407 nm was monitored. The fractions from 1,850 to 2,000 ml containing 6,7-dimethyl-8-ribityllumazine were pooled and evaporated under reduced pressure. The residue was dissolved in 15 ml of deionized water. Portions of 1 ml were passed through a high-pressure liquid chromatographic column of Nucleosil RP 18 (0.4 by 30 cm; flow rate, 2 mlJmin; eluent, water). Fractions were pooled and evaporated to dryness under reduced pressure. The residue was taken up in a few drops of hot water. Ethanol (3 ml) was added, and the mixture was heated briefly until all solids had dissolved. The solution was kept at 4°C. Crystals were collected on a fritted-glass disk and dried.
NMR measurements. Solutions of 6,7-dimethyl-8-ribityllumazine (0.5 ml, 0.2 M) were prepared from sodium phosphate buffer (0.5 M, pH 7.0) in H20-D20 (8:2, vol/vol). The 13C nuclear magnetic resonance (NMR) spectra were measured at 7.0 T on a Bruker WM-300 NMR spectrometer under the following conditions: pulse, 600; repetition time, 2.0 s; data set, 32K; line broadening, 1.0 Hz. Broad-band 1H decoupling was accomplished by swept-square wave modulation, and the decoupling power was lowered between acquisitions to decrease sample heating. The peaks integrating for the least area were used as natural abundance standards for '3C enrichment calculations.
The 13C-NMR spectral assignments for 6,7-dimethyl-8-ribityllumazine under the above measurement conditions were determined (see '3C-NMR spectra were obtained at 75 MHz in H20-D20 mixtures at pH 7. "3C-NMR signal assignments for 6,7-dimethyl-8-ribityllumazine are based on the following data. The CH acidity of the 7-methyl group (6, 20) labeled samples yielded assignments for C-6 and C-7. Assignments for the pyrimidine ring atoms were based on comparison with the spectra of riboflavin (14) . Assignments for the ribityl group were based on comparison with riboflavin and on coupling analysis of biosynthetically 13C-labeled samples.
The interpretation of the isotope incorporation data rests heavily on a comparison of the '3C-labeling pattern in the four-carbon mnoiety, i.e., C-6a, C-6, C-7, and C-7a, with those in the ribityl side chain of 6. An analogous approach was used in the classical studies of Plaut on the incorporation of 14C-labeled precursors into riboflavin (21) and in earlier work from our laboratories on riboflavin formation from "3C-labeled precursors in fungi (4, 11, 14) . The origin of the ribityl side chain of riboflavin from the ribose moiety of GTP is firmly established (4) . It follows that the ribityl side chain of 6 can be accepted as a probe of the labeling pattern of the pentose pool. The objectives of the analysis were (i) to check for any type of symmetrical label distribution in the four-carbon moiety and (ii) to compare the labeling pattern of the four-carbon moiety with that of the ribityl side chain. This is facilitated by the schematic representation of the data shown in Fig. 3 Fig. 2 and 3 ). This result is comparable to the incorporation of [1-'3C]ribose into positions 6 and 8ot of riboflavin, which had been observed in earlier experiments with the fungus A. gossypii (3, 4) . It follows that symmetrical compounds such as diacetyl can be ruled out as precursors. Formation of the four-carbon moiety from two identical two-carbon fragments such as acetate or acetaldehyde is also ruled out. The data are consistent with a colinear relationship between the four-carbon moiety and pentoses, as is observed in fungi.
The striking feature in the synthesis of the four-carbon moiety in fungi is the elimination of C-4 from the pentose precursor with intramolecular reconnection of C-3 and C-5 (4, 11, 19) . To determine whether the same mechanism operates in bacteria, it would be desirable to feed [3,5- "3C2]ribose and check whether the labeled atoms become contiguous in the four-carbon moiety, as shown by coupling between C-7 and C-7a. This compound is not readily available. However, an appropriately labeled pentose phosphate can be generated biosynthetically in vivo from [1,3- "C2iglycerol (11) . The latter compound can be easily converted by the microorganism to [1,3-13C2jglyceraldehyde phosphate, which can give rise to pentose phosphate with label in positions 3 and 5 either by gluconeogenesis and decarboxylation or through the pentose phosphate cycle.
In agreement with this expectation, [1,3-13C21glycerol contributed similar amounts of 13C to positions 3' and 5'of 6 ( Fig. 2 and 4) . C-4' was essentially unlabeled, and neither 6cK 6 7 I1 Subsequent decarboxylation would yield pentose phosphate with the observed coupling of C-2 to C-3. The coupling of the C-2'-C-3' bond is reflected in the C-6-C-7 bond. These data, together with the [1-_3C]ribose results, suggest joint transfer of C-1 through C-3 of the pentose precursor to the four-carbon moiety.
The C-7-C-7a bond shows 68% coupling which is not reflected in the ribityl side chain. This outcome is predicted by the hypothesis that the four-carbon mnoiety is formed from a pentose precursor by intramolecular rearrangement with elimination of C-4, the same process which has been demonstrated by a large number of in vivo and in vitro experiments in fungi (4, 11, 14, 19) .
The results reported in this paper cannot rule out the hypothesis (8, 9) that the four-carbon moiety is ultimately derived from the ribityl side chain of the pyrimidine 5. However, earlier studies with a mutant of Salmonella typhimurium with an absolute requirement for guanosine have shown that [1',2',3',4',5'-'4C]guanosine contributes label to the ribityl side chain but not to the xylene moiety of riboflavin (4) . It follows that the biosynthesis of the pyrazine ring of 6 from pentose phosphate does not involve the passage through the side chain of 5. In summary, the results with B. subtilis are in agreement with the earlier studies on the origin of the o-xylene moiety of riboflavin in fungi (4, 11, 19) . Thus, while there may be differences between eucaryotes and procaryotes in the early stages of the riboflavin pathway, the overall mode of formation of the four-carbon unit from which the o-xylene moiety is constructed appears to be the same.
